Muscle growth and development from the embryonic to the adult stage of an organism consists of a series of exquisitely regulated and orchestrated changes in expression of genes leading to muscle maturation. In this study, we performed whole transcriptome profiling of adult caprine skeletal muscle derived myoblast and fused myotubes. Using Ion Torrent PGM sequencing platform, a total of 948,776 and 799,976 reads were generated in myoblasts and fused myotubes, respectively. The sequence reads were analyzed on CLC Genomics Workbench using Bos taurus RNA database to study the gene expression in both stages to study different genes responsible for muscle development and regeneration. The up and down-regulated genes were analyzed for gene ontology (GO) and KEGG pathways by Database for Annotation, Visualization and Integrated Discovery (DAVID) database. We found many genes exclusive to multinuclear fused myotubes and contractile nature of skeletal muscle, whereas up-regulated genes in myoblast stage were related to cell division and transcriptional regulation. Out of 27 genes selected for expression validation by RTqPCR (reverse transcriptase-quantitative polymerase chain reaction), 19 genes showed the expression pattern comparable with CLC Genomics Workbench findings. Further, mRNA originated muscle specific microRNAs (miRNA-1 and miRNA-133b) were also observed in the fused myotubes along with other miRNAs with possible importance in muscle development. This study highlights important genes responsible for muscle development and differentiation in adult skeletal muscle system.
Introduction
In biology, the mechanism of cell type determination in developing multicellular organisms is one of the fundamental problems which needs better understanding. The functionally competent cells carry out tissue-specific activities that have achieved specialization through terminal differentiation, where the cell population withdraw themselves from the cell cycle as a result of appropriate configuration of gene activation and repression. Although not normally subject to rapid cell turnover, adult skeletal muscle also retains the ability to grow in response to increased work load and to repair and regenerate following damage (Beauchamp et al., 2000) .
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Skeletal muscle is one of the several adult postmitotic tissues that retain the capacity to regenerate, which relies on a population of quiescent precursors, termed satellite cells. Proliferation and differentiation of myoblasts to form mature myotubes in vitro has been a valuable tool in the characterization of the cellular events during myogenesis, which is a multistep process starting with progenitor cell proliferation, followed by their exit from the cell cycle, differentiation, alignment, and fusion to form multinucleated myotubes. A typical feature during muscle differentiation is the variation in expression of various genes along with myogenic factors (Tripathi et al., 2011) . Previous studies have identified several genes that positively or negatively regulate myogenesis like the myogenic regulatory factors (MRFs) involving myogenic differentiation 1 (MYOD), myogenic factor 5 (MYF5), myogenin (MYOG) and MRF4 (MYF6) (Sabourin and Rudnicki, 2000; Tripathi et al., 2011) .
It is very important to understand the dynamics of muscle transcriptome during the myogenesis to uncover the complex mechanism underlying muscle development, regeneration and muscular atrophy [4] . Over the past decade microarray and SAGE have been commonly used as a means of measuring gene activity by whole tissue transcription profiling. However, drawbacks of these methods like background interference/cross-hybridization, the ability only to measure the relative abundance of predefined transcripts, laborious and costly cloning and sequencing steps. More recently massive parallel sequencing has played a larger role in quantifying gene expression by deep sequencing the transcriptome as this techniques sequence the millions of transcripts simultaneously. This high throughput and ultra-deep sequencing technologies have major advances in terms of robustness, resolution, comparability and richness, and has been used for transcriptome analysis in recent years (Mortazavi et al., 2008; Nagalakshmi et al., 2008; t Hoen et al., 2008; Trapnell et al., 2012) . Deep sequencing the transcriptome, also known as RNA-Seq, provides both the sequence and frequency of RNA molecules that are present at any particular time in a specific cell type, tissue or organ along with the ability to discover new genes and transcripts in a single assay (Trapnell et al., 2012) . Further, counting the number of mRNAs, encoded by individual genes, provides an indicator of protein-coding potential (Hampton et al., 2011) . In continuation to our previous study, this work explores probable genes involved in myotubules formation, in vitro, using Ion Torrent Personal Genome Machine, their expression level and validation with quantitative real time PCR.
2.
Materials and methods
Adult caprine myoblast cell culture
Muscle tissue of approximately 5 g was obtained from Rectus abdominis muscle of adult goat from slaughter house. Precursor myoblast cells (satellite cells) were isolated and cultured into Ham's F10 medium as described previously by our group (Tripathi et al., 2010) . Myoblast cells were cultured in MEM reduced serum (HyClone) containing 10% FBS at high confluency to induce fusion for generating myotubes. RNA from myoblast cells, fused myotubes and muscle tissue were isolated using TRIzol (Sigma) method as per manufacturer's instructions. The differentiated myotubes were immune stained with anti-Desmin mouse monoclonal primary antibody (Sigma #D1033) and Alexa Fluor 488 conjugated goat anti-mouse secondary antibody (Invitrogen #A11029) for characterization of myotubes.
2.2.
Sample preparation and transcriptome run All the protocols were followed as per manufacturer's instructions. The detail protocol steps can be accessed from Ion Torrent's Ion Total RNA-Seq Kit (Publication Part No.: 4467098) using 316 chip. Briefly, mRNA was enriched from total RNA using RiboMinus TM Eukaryote Kit (Invitrogen) followed by its fragmentation with RNAse III enzyme with an average of 200-250 nt RNA fragment sizes. The fragmented mRNA was cleaned and analyzed to assess the yield and size distribution using the QubitÒ RNA Assay Kit with the QubitÒ Fluorometer (Invitrogen) and the AgilentÒ RNA 6000 Pico Kit with the AgilentÒ 2100 Bioanalyzer TM instrument. After RNA oligo ligation at the fragmented mRNA ends, first and second strand cDNA was synthesized, followed by PCR amplification, purification and size selection. The selected PCR products were again used for emulsion PCR, followed by positive bead recovery, chip loading and sequencing in the machine.
2.3.
In silico gene expression analysis Sequence reads were generated from myoblasts and myotubes specific cDNA libraries on the Ion Torrent PGM. To calculate in silico gene expression level, we performed RNA-Seq analysis on the commercially available CLC Genomics Workbench v.4.7.1 (http://www.clcbio.com/genomics/) using Bos taurus RNA database (http://www.ncbi.nlm.nih.gov/) as reference. The RNA-Seq analysis was carried out for sequence reads obtained from myoblasts and myotubes separately using default parameters i.e. the number of mismatches allowed were two, minimum length fraction 0.9, minimum similarity fraction 0.8 and maximum hits for a read were 10. Genes expressed either in myoblasts and myotubes or in both tissues were grouped, based on reads per kilobase of exon model per million mapped reads (RPKM) values (Mortazavi et al., 2008) . The differential expression between myoblasts and myotubes was derived using the RPKM values of the corresponding transcripts.
Functional annotation
The genes uniquely identified in the myoblasts or fused myotubes with at least 5 unique gene reads and the genes identified in both myoblasts and fused myotubes with at least 5 unique gene reads in one of the samples and greater than twofold change in expression based on RPKM ratio were selected for functional categorization of differentially expressed genes. The genes uniquely identified in the fused myoblast were considered as up-regulated were as genes uniquely identified in the myoblasts cells were considered as downregulated in fused myoblast cells. The up and down regulated genes were analyzed for gene ontology (GO) and KEGG 
Real time RT-qPCR
Total RNA was extracted from myoblasts and myotubes as described before to analyze the expression of myogenic regulatory factors (MRFs) and validate the differential expression of 27 transcripts (Table 1) using RT-qPCR. Gene specific primers were designed from the respective transcript sequences using Primer3 software (Rozen and Skaletsky, 2000) (Table 1) . Quality and quantity of DNAseI treated total RNA was analyzed as described earlier. The reverse transcription reactions were performed with Oligo(dT) primers using RevertAid Reverse Transcriptase kit (Fermentas) in 20-ll reactions following the manufacturer's instructions. The mRNA level of target genes were quantified by real-time PCR analysis on ABI PRISM 7500 fast real-time PCR system (Applied Biosystems) using the Quantifast SYBR Green PCR master mix (Qiagen). PCR reactions contained 5 pmol of gene specific primers, 1 · Quantifast SYBR Green PCR master mix, 1.5 ll of template cDNA (5-fold dilution after RT reaction) in a 15 ll reaction volume. The reaction mixtures were subjected to initial denaturation of 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The melt curve analysis was performed by increasing the temperature from 60 to 95°C with increase of 1°C per 30 s followed by final hold at 25°C. The specificity of the amplification was confirmed by running PCR product on agarose gel electrophoresis and melt curve analysis. All reactions were run in triplicate and cycle threshold (C T ) values for target genes were normalized with GAPDH as reference genes. The fold change in the expression of the target genes was calculated by the formula: 2 where DC T = average C T of target gene-average C T of endogenous control (GAPDH), and DDC T = DC T of target sample (myotubes) -DC T of calibrator sample (myoblasts).
Analysis of miRNA targets and their expression
The mRNA originated miRNAs identified by RNA-Seq analysis were searched in mirDB database for identification of their putative cellular targets. The target species were either human, B. taurus or other mammalian species. The expression profile of mRNA targets of each miRNAs identified by RNA-Seq analysis was compared with the RPKM of respective miRNAs.
Results

Differentially expressed genes in myoblasts and myotubes
Goat myoblasts cells were derived from the primary culture of muscle tissue and fused myotubes were generated by culturing the myoblasts in the differentiation medium for 96 h (Fig. 1A) . The analysis of expression of MRFs revealed up regulation of MYOD, MYOG and MYF6 in differentiated myotubes and higher level of expression of MYOG and MYF6 in muscle tissue compared to proliferating myoblasts (Fig. 1B) . The high throughput sequence data from myoblasts and myotubes transcriptome using Ion Torrent PGM (Ion Semiconductor Sequencing technology) generated a total of 948,776 and 799,976 reads from myoblasts and fused myotubes, respectively (Table 2 ). These reads were further analyzed on the commercially available CLC Genomics Workbench v.4.7.1 using B. taurus RNA database as a reference which resulted in 615,066 and 293,096 mapped reads for myoblasts and myotubes, respectively. Fig. 2 shows the representative image of the mapped reads of the three samples on one of the chromosomal loci. The genes identified by RNA-Seq mapping were analyzed and classified as common to both myoblasts and fused myotubes, only observed in myoblasts and only in myotubes (Supplementary file 1) . The expression level of each identified genes were represented as RPKM. The analysis yielded a total of 11,781 genes common to both, 6197 genes unique to myoblast and 573 genes unique to fused myotubes (Supplementary file 1). The expression of myogenic regulatory factors MYOD, MYOG, MYF5 and MYF6 was 278.38, 100.17, 12.85, and 1.79 RPKM, respectively in myoblasts whereas 302.15, 283.74, 6.89, and 0 RPKM, respectively in myotubes (Table 3) . For further analysis, the genes uniquely identified in the monolayer or fused myoblast with at least 5 unique gene reads and the genes identified in both monolayer and fused myoblast with at least 5 unique gene reads in one of the samples and greater than two fold change in expression based on RPKM ratio were selected for functional categorization and validation by qPCR for both stages (Supplementary files 2 and 3).
3.2.
Functional categorization by DAVID revealed differential expression of genes regulating cell proliferation and myogenesis
The analysis of differentially expressed transcripts for enrichment in various biological processes (Supplementary file 4) revealed significant enrichment of over expressed genes in myogenic processes in myotubes compared to undifferentiated myoblasts. The overexpressed genes in myotubes were most significantly enriched in biological processes like muscle contraction, muscle system process, regulation of cell proliferation, and vasculature development (Fig. 3A) ; the genes enriched in molecular functions categories were in pattern binding, polysaccharide binding, heparin binding, growth factor binding, glycosaminoglycan binding, extracellular matrix structural constituent, structural constituent of muscle, collagen binding etc. (Fig. 3B) ; the enrichment of genes in cellular component distribution were in extracellular matrix, contractile fiber, myofibril, endoplasmic reticulum, extracellular space, collagen and sarcomere localization (Fig. 3C ) and the enrichment in the KEGG pathways were in genes involved in glycerolipid metabolism, ECM-receptor interaction, and calcium signaling pathway (Fig. 3D) . The down regulated genes in myotubes were enriched in biological processes related to cell cycle, translation, mitotic cell cycle, translation elongation, RNA processing, and protein transport (Fig. 4A) ; whereas genes enriched in molecular functions were in nucleotide binding, RNA binding, structural constituent of ribosome and ATP binding (Fig. 4B) . The enrichment of genes for cellular component distribution were in organelle lumen, cytosol, nuclear lumen, and ribosome localization (Fig. 4C) ; and enrichment in KEGG pathways were seen in ribosome, cell cycle, proteasome, spliceosome, RNA degradation, citrate cycle, and DNA replication (Fig. 4D) .
qPCR analysis confirmed differential expression of selected transcripts in myoblasts and myotubes
The validation of differentially expressed transcripts observed in RNA-Seq analysis by qPCR revealed concordance in the expression of 19 of the 27 selected genes ( Table 4) . The over-expression of RASL12, LMOD2, CCL27, XPNPEP2, FBLN1, RDH10, AEBP1, LOC100848513, NDUFB10 and PDE2A and under expression of SPCS3, MTCH2, PPP1R2, MTA1, CCT2, HMGN2, RPL11, RPL4 and ADAMTS1 in myotubes compared to myoblasts was confirmed by qPCR (Fig. 5) . The expression of these targets (except PPP1R2, PLAU, RBP2, TUBA1A, AEBP1 and NMT1) in muscle tissue correlated with their expression in myotubes (Table 4) .
RNA-Seq expression analysis of miRNAs and their targets suggests co-regulated expression of miR-30a, miR-677, miR133b and miR-421 in myoblasts and myotubes.
The expression of primary transcripts of miRNAs and their targets identified by RNA-Seq were further compared which revealed the concordance in the expression of miR-30a, miR-133b, miR-677 and miR-421 with their respective targets ( Table 5 ). The miR-30a transcript was detected only in myotubes by RNA-Seq analysis whereas of its targets ARMC1, TNRC6B, SESTD1, AAK1, and TNRC6A were down regulated in myotubes. The expression of miR-677, miR-133b and miR421transcripts was observed in both myoblasts and myotubes but found to be up regulated in myotubes by RNA-Seq analysis. Concomitantly, the expression of miR-677 targets viz. RSBN1, CSNK1D, CDKN2AIP, DCBLD2, and BIRC6; miR-133b targets viz. CELF4, SGMS2, TMEM164, SGMS2, ANKRD28, and PTBP1; and miR-421 targets viz. FAM59A, QKI, PPP1CC, YTHDC2, CTDSPL2, GSPT1, and NUFIP2 were down regulated in myotubes. 
Discussion
Skeletal muscle growth and development consist of a series of carefully regulated changes in gene expression from embryo to adult and deciphering these developmental changes in agriculturally important species is essential to the production of high quality meat products. In this study we used next generation sequencing platform to determine the identity and expression level of different genes involved in muscle development in an in vitro cell culture system. The major advantage of using NGS platform is in term of time saving and high throughput of data (Trapnell et al., 2012) . Muscle tissue transcriptome of numerous mammalian species have been studied for differential gene expression and important transcripts involved during muscle growth and regeneration using different next generation sequencing platforms (Abdul-Hussein et al., 2012; Damon et al., 2012; McGivney et al., 2010; Sporer et al., 2011) . By allowing myoblast to fuse into multinucleated myotubes in in vitro condition, a model was created to understand genes involved in muscle formation. The RNA sample from myoblast and fused myotubes were sequenced and reads were analyzed using B. taurus RNA-Seq database. Total 11,781 genes were common to both stages, whereas 6197 genes only in myoblast and 573 genes only in fused myotubes were observed (Supplementary file  1) . Further, the genes uniquely identified in the fused myoblast were considered as up-regulated were as genes uniquely identified in the monolayer cells were considered as downregulated in fused myoblast cells including common genes to both stages where RPKM ratio was used to determine up and down-regulation of genes.
We found that the genes involved in regulating cell proliferation and myogenesis were differentially expressed in myoblast and fused myotubes (Figs. 3 and 4) , which supports the process of cell division in myoblast whereas of differentiation in fused myotubes (Zheng et al., 2009 ). For example, muscle differentiation is a well-studied process which is controlled by MEF2 transcription factor. In this study, we also noticed that MEF2 expression was up regulated in fused myotubes (Elgar et al., 2008) . Similarly one of the MRFs, MYF6 were only observed in myoblast which is not involved in muscle differentiation (Londhe and Davie, 2011) . Unlike RNA-Seq, the expression of MYF6 was found to be up regulated by qPCR. The identification of MYF6 in myoblasts cells with 1.79 RPKM but absence of its detection in myotubes by RNA-Seq suggests that the transcripts identification with less coverage may not truly represent transcript abundance. The sequencing depth of the current transcriptome profiling study may thus only represent moderate to high abundance transcripts and hence we compared the relative abundance of the transcript which were identified by P5 unique gene reads. MYOD and MYOG have been reported to be up regulated in fused myotubes, as observed in our study by RNA-Seq and further supported by qPCR (Klover et al., 2009; Tripathi et al., 2011) . MYF5 was found to be down regulated in myotubes by RNA-Seq and qPCR which is in agreement with its reported involvement in initial stage of myogenic commitment and myoblasts proliferation (Francetic and Li, 2011; Valdez et al., 2000) . Post-natal skeletal muscle growth and function are heavily influenced by hormones like growth hormone (GH) and IGF-1. We also noticed up regulated expression of IGF1 and IGF2 in fused myotubes further consolidating their role in muscle development (Zacchigna et al., 2008) . Interestingly, H19 gene expression has been found in human skeletal muscle which supports its higher expression in myoblast (Leibovitch et al., 1991) .
The RPKM values analyzed by CLC Genomics Workbench were also validated by RT-qPCR. We selected total of 27 genes which were either up regulated, down regulated or uniquely present in myoblast or fused myotubes (Table 4 ). The up regulation of Fibulin-1 (FBLN-1) in fused myotubes showed its important role as a secreted glycoprotein that is associated with extracellular matrix (ECM) formation and rebuilding (Chen et al., 2013) . Other up-regulated and down-regulated genes (e.g. HSPs, FOXO, RCAN2) have been reported to play important function in muscle development and regeneration (Hori et al., 2010; Qin et al., 2010) . It is interesting to note that expression pattern of most of the genes in myotubes were similar to adult muscle (Fig. 5) . All the top genes down-regulated in fused myotubes (only found in myoblast) were mostly related with mitochondrial energy metabolism. One such gene, Voltage-dependent anion channel (VDAC) is a poreforming protein which is abundant on mitochondrial outer membrane of all eukaryotes and is a dynamic regulator of global mitochondrial function both in health and disease (Anflous-Pharayra et al., 2011; Sampson et al., 1998) . Another important gene, Mitochondrial carrier homolog 2 (MTCH2), plays vital role in maintaining the normal function of mitochondria. Many genes like metastasis-associated protein 1 (MTA1) and leiomodin 2 (cardiac) (LMOD2) were also found only in fused myotubes, which have been reported at low level in muscle tissue (Geng et al., 2008) . Recently, EZH2, a component of Polycomb Repressor Complex 2 (PRC2), has been suggested as a master regulator of muscle terminal differentiation process by suppressing key genes involved in muscle differentiation by number of studies (Juan et al., 2009; Palacios et al., 2010; Seenundun et al., 2010) . However, Woodhouse et al. (2013) critically dissected its role through knockout models and demonstrated that EZH2 is required for muscle satellite cell expansion but not terminal differentiation. Interestingly, the expression of EZH2 was reduced in myotubes compared to myoblasts in our study. The comparison of up regulated genes in satellite cells following EZH2 deletion (Woodhouse et al., 2013) with our study revealed up regulation of some of the targets viz. S1PR1, FN1, KM, RGS5, CYYR1, GAS7, IGF2, LMOD1 and NFATC1 by greater than 5-fold in fused myotubes compared to myoblasts (Supplementary file 5). However, number of targets which were up regulated in EZH2 null satellite cells, were down regulated in differentiated myotubes suggesting EZH2 independent mechanisms leading to myoblast differentiation. MicroRNAs (miRNAs) are a class of small RNAs that regulate gene expression by post-transcriptional gene silencing of protein encoding transcripts. These small RNAs have been well reported to play an important role in skeletal muscle development. Three muscle-specific miRNAs (miR-1, miR-133, and miR-206) have been reported to increase in abundance during muscle cell differentiation (Brennecke et al., 2005; Chen et al., 2006; Nguyen and Frasch, 2006) and regulate different stages of myogenesis (Anderson et al., 2006; McCarthy and Esser, 2007; Nakajima et al., 2006) . miR-133 increases proliferation of C2C12 myoblasts, whereas miR-206 and miR-1 promote differentiation (Chen et al., 2006) . (Rao et al. (2006) ) demonstrated that the myogenic factors MYOG and MYOD bind to regions upstream of microRNAs-1q and -133 and, therefore, are likely to regulate their expression. Expression of the muscle regulatory factor, MYF5, has been reported to regulate miR-1 and miR-206 transcription level in a chicken cell culture model (Sweetman et al., 2008) . We observed identification of miRNAs in transcriptome sequencing possibly representing primary miRNA transcripts. Although, recent study demonstrated co-transcriptional processing of polymerase II derived transcripts both independently transcribed and intron-encoded miRNAs (Morlando et al., 2008) , their identification in mRNA-Seq data suggest possibility of incompletely processed transcripts. As miRNAs are generated from mRNA like transcripts, we found many miRNA coding transcripts in mRNA-Seq like miR-1 (up), miR-133b (up), miR-222 (down), miR-30a (down) in our study. The expression pattern of these miRNAs during differentiation was supported by recent study (Dmitriev et al., 2013) . Importantly, the respective miRNAs primary transcripts and their putative targets were having corresponding expression in the myoblast and fused myotubes (Table 5 ). In addition to muscle-specific miRNAs (mir-1 andmir-133), a larger number of ubiquitous miRNAs (mir-1291, mir-30A, mir-1584 etc.) were identified in myoblasts and myotubes transcriptomes, indicating the need of further study to find their importance in muscle growth and development.
Conclusion
In this study, we identified many important genes involved in muscle development and differentiation. The validation of RNA-Seq finding by qPCR revealed concordance in expression of 19 out of 27 genes (70%) with RNA-Seq expression profile. Most genes up-regulated in myotubes were grouped into muscle contraction and muscle system process in biological process and collagen, myofibrils, and contractile fibers in cellular component localization. However, down-regulated genes in myotubes (over-expressed in myoblast) were principally involved into cell cycle, transcriptional and translational regulation and cellular metabolic processes. Further, mRNASeq based predicted miRNAs suggested possible regulatory control on their putative targets. Data generated from this RNA-Seq experiment will focus on various candidate genes, their proteins, and their functions in skeletal muscle development which will help to design strategy for increased meat production for human consumption.
